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Supplementary Text
Parapriacanthus ransonneti Parapriacanthus ransonneti Steindachner, 1870 (common name: golden sweeper; pygmy sweeper) was formerly known as Parapriacanthus beryciformis Franz, 1910 . The specimens used in this study were identified morphologically and by DNA sequences of the cytochrome c oxidase I (COI) gene: see sections DNA extraction and sequencing and Phylogenetic analysis; fig. S10 . The specimen was captured at Kumano Sea, Japan then kept in the Shima Marineland aquarium (Mie Pref., Japan), or captured at Tateyama Bay, Japan then kept in the Yokohama Hakkeijima Sea Paradise aquarium (Kanagawa Pref., Japan). In the aquarium, a specimen was fed with sliced fresh non-luminous fishes such as horse mackerel and sardine. For the following experiments, the living specimens were transported to the laboratory and kept in artificial seawater (Instant Ocean, Instant Ocean Spectrum Brands, Blacksburg, VA, USA) at 22-25ºC and fed a frozen krill. The aquarium tank in the laboratory was 120 cm × 60 cm × 60 cm in size, and was covered on all sides to keep the interior dim to completely dark: one side was covered by red transparent plastic filters, three sides by black vinyl boards, and the top with a lid and black plastic boards. Specimens used for the biochemical experiment were anesthetized on ice and those used for the histological experiment were anesthetized with ethyl 3-aminobenzoate methanesulfonate salt (MilliporeSigma, Burlington, MA, USA).
Vargula hilgendorfii
Vargula hilgendorfii (Mueller, 1890), formerly known as Cypridina hilgendorfii, is a benthic ostracod (Myodocopia: Cypridinidae). This ostracod hides in the sand during the daytime and becomes active for scavenging at night. The luciferin and luciferase were stored separately in the upper lip (39). The specimens were caught by bait trap on Mukaishima Island (Hiroshima Pref., Japan) in June 2011 and in Fukutsu (Fukuoka Pref., Japan) in October 2012. Freshly captured specimens were kept in the aquarium tank with artificial seawater for bioluminescence spectral measurement or immediately frozen with liquid nitrogen and kept at -80ºC until use in the biochemical experiments.
Cypridina noctiluca
Cypridina noctiluca Kajiyama, 1912, formerly known as Pyrocypris noctiluca, is a planktonic ostracod and active at night. The specimens were captured by a net at Aigae harbor in Hachijo Island on February 10, 2014. The species were morphologically identified. The fresh specimens were immediately homogenized in TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and transferred in an ice-cooled bag to the laboratory.
Terminology of luciferin
Shimomura defined the term luciferin as "the general term of an organic compound that exists in a luminous organism and provides the energy for light emission by being oxidized in the enzymatic reaction" (4). The luciferin molecule is basically taxon-specific and thus generally distinguished by a taxon name heading, such as firefly luciferin or dinoflagellate luciferin: the structure of luciferin of firefly Photinus pyralis, (4S)-2-(6-Hydroxy-1,3-benzothiazol-2-yl)-1,3thiazolidine-4-carboxylic acid (40), is identical to the structure of other fireflies such as Luciola cruciata (41) but different from the structure of another luciferin in luminous dinoflagellate Pyrocystis lunula, (2S,3S,4S,5Z)-4-(2-carboxyethyl)-5- [2-[[5-[(3-ethenyl-4 -methyl-5-oxo-1,2dihydropyrrol-2-yl)methyl]-3-ethyl-4-metyl-1H-pyrrol-2-yl]methyl]-3-methyl-4-oxo-1Hcyclopenta[b]pyrrol-6-ylidene]-3-methylpyrrolidine-2-carboxylic acid (42). Notable exceptions are "vargulin" and "coelenterazine", which are used for luciferin of the bioluminescence beyond taxa. Vargulin occurs in shallow-water ostracods and fishes, while coelenterazine occurs in various deep-sea animals such as ostracods, cnidarians, ctenophores, radiolarians, cephalopods, copepods, decapods, chaetognaths, and fishes (3). Coelenterazine was originally identified as preluciferin of the firefly squid Watasenia scintillans (43) and later found to be a luciferin of the sea pansy Renilla reniformis (44). Although it was called Watasenia preluciferin or Renilla luciferin, these identical molecules are now commonly called coelenterazine. The chemical structure of vargulin was originally determined as luciferin from Vargula hilgendorfii Müller 1890, formerly Cypridina hilgendorfii, and thus it was named "Cypridina luciferin" (15) after its former genus name. Later, in 1962, Poulsen moved Cypridina hilgendorfii to the genus Vargula based on its morphological criteria (45). In consequence, currently it is sometimes called Vargula luciferin, even though Cypridina noctiluca (still in the genus Cypridina) also uses the same luciferin. In 1958, the luciferin of P. ransonneti luciferase cross-reacted with Vargula hilgendorfii, and later the luciferin of P. ransonneti turned out to be chemically identical to that of V. hilgendorfii (16, 21, 22) . The luciferase genes of V. hilgendorfii and C. noctiluca (31, 33) have been used as an imaging tool in the life sciences since the luciferin is commercially available and called vargulin. Therefore, all these terms-Cypridina luciferin, Cypridina hilgendorfii luciferin, Vargula luciferin, Vargula-type luciferin, Vargula hilgendorfii luciferin, ostracod luciferin, cypridinid luciferin, and vargulin-are used to represent the structure [3-[3,7-dihydro-6-(1H-indol-3-yl)-2-[(S)-1-methyl-6-propyl]-3-oxoimidazo[1,2a]pyrazin-8-yl]propyl]guanidine (IUPAC name) (46). In this manuscript, we consistently use the term "vargulin" for readability.
Observation of bioluminescence of P. ransonneti
The bioluminescence of the living P. ransonneti was observed. Although Haneda and Johnson described their capacity for luminescence (21), to our knowledge this is the first photographing and detailed observation of in situ bioluminescence in this species. Less than 2 weeks after being caught in the wild, the P. ransonneti specimens were gently transferred into a transparent tank: length = 300 mm, width = 80 mm, height = 300 mm (ASONE, Osaka, Japan). After dark-adaptation for an hour at 23ºC, the fish began to glow under dim overhead light provided by a white LED light covered with paper ( Fig. 1C and fig. S2 ). When the overhead light was turned off, the luminescence from the specimen's light organs gradually faded over a period of about 10 sec. The induction of the luminescence by dim lighting was repeatable. The luminescence was visible through the bottom of the tank, but not from the lateral side, by dark-adapted naked eyes. The in situ bioluminescence from the thoracic light organ of P. ransonneti was composed of blue and blue-green spots ( fig. S2 ). As shown in Fig. 2 , the spectra of the luminescence from dissected tissues of both thoracic and anal light organs were the same in blue (emission peak = 456 nm). These spectra were identical to the in vitro luminescent spectrum produced by L-L reaction using vargulin and luciferases from P. ransonneti and V. hilgendorfii, and recombinant C. noctiluca luciferase. Thus, it is likely that the blue-green light was a result of a filter effect through the translucent muscle underlying the light organs. The ecological role of the dual-color emission is unclear. Another luminous marine organism, the firefly squid Watasenia scintillans, also emits both green and blue lights from different spotted photophores on its body surface, and this dual-colored luminescence is suggested to function for counterillumination to adapt different light environments in shallower and deeper depths (47). The dual blue/blue-green light emission in P. ransonneti may play a role in counterillumination under various light environments.
Purification of P. ransonneti luciferase The luciferase protein was purified from thoracic light organs because that tissue contains the highest luciferase activity (Fig. 2B ). By anion exchange chromatography with a HiTrap Q HP column, the specific activity of the enzymatically active fraction to vargulin (fraction numbers 6-8), calculated by luciferase activity (light intensity) divided by the protein concentration (absorbance at 280 nm), was found to be 75 times higher than that of the original crude extract (Table 1 ). This result suggested that the isoelectric point (pI) of luciferase is lower than pH 8.0 ( fig. S4A ). By subsequent gel filtration chromatography using a Sephadex G-75 column, the luciferase was found to be eluted in the early fractions (fraction numbers 7-12) ( fig. S4B ). The luciferase was further purified by using the Mono Q anion exchange column in the SMART System. The result indicated that the pI of the luciferase is lower than pH 6.0. Three active peaks were observed ( fig. S4C ), and the second peaks ranging from fraction numbers 21 to 27, which exhibited higher specific activity, were combined and separated again using Mono Q (fig. S4D ). The active fractions (fraction numbers 35-42) were combined and analyzed by mass spectrometry. A SEQUEST search using the peptides detected by mass spectrometry was performed against an in-house build protein database (see section ORF prediction and building proteome database for mass spectrometry sequence analysis) and against the NCBInr protein database. Proteins identified by searching against the in-house build protein database were as follows: m.8978 annotated as "glycine cleavage system H protein", m.203700 annotated as "protein QNR-71like", m.52280 annotated as "troponin C", and m.53790 annotated as "N-alpha-acetyltransferase 38". The number of peptide fragments mapped on those protein sequences was no more than five. On the other hand, searching against the NCBInr protein database showed that the purified protein scored highest against the luciferase in Cypridina noctiluca (CnocLuc; GenBank accession number BAD08210); in total 22 of the peptides unique to CnocLuc were detected (Fig.  2D ). These peptide sequences were mapped to CnocLuc (553 AA) ranging from positions 53 to 553: of note, an 11 amino acid sequence at the N-terminus (MKTLILAVALV) is presumed to be a signal sequence that has a cleavage site at the C-terminus of the valine at its end (33). The pI of CnocLuc is calculated as 4.62 based on its amino acid composition, which is consistent with the results of the ion-exchange chromatography analysis. Neither the Cypridina luciferase nor any other ostracod luciferase was found in the search against the P. ransonneti proteome database, suggesting that these luciferase genes were not expressed in the thoracic light organ, anal light organ, pyloric caeca, intestine or muscle. The results of polyacrylamide gel electrophoresis analysis of the immuno-pull-down assay were visualized by silver staining. The protein band of VhilLuc, which was confirmed by mass spectrometry, was observed at ~70 kDa (arrowhead). The relative luciferase activity in the extracts is indicated by the levels shown at bottom. The luciferase protein band was not detected in the crude extract from the light organs of P. ransonneti that were kept for 3 months (3m) or 1 year (1y) without feeding of luminous ostracods, but was detected in the light organs of P. ransonneti that were kept for 1 year then with feeding of V. hilgendorfii for one month (1y+Vh). The negative control (n.c.) contains antibodies but not protein extracts. The crude protein extracts from V. hilgendorfii (V.hil) were used as a positive control. (blank) The luciferin was injected into the buffer without luciferase. Data were pooled from four experimental replicates. The FLuc was used as a control luciferase having an amino acid sequence of similar length but it contains only 4 conserved cysteine residues among the 548 amino acids common to other firefly luciferases, while VhilLuc and CnocLuc contain 34 cysteine residues out of ~550 amino acids.
Fig. S10
. Phylogenetic relationship of P. ransonneti specimens used in this study. The phylogenetic relationship was reconstructed with COI gene nucleotide sequences by the NJ method using Geneious 9.1.8. Bootstrap values are shown at each branch. The genes from three specimens used in this study (blue), from Shima (LC427372 and LC427373) and Chiba (LC427374), were nested within those from Parapriacanthus ransonneti in other regions. External database S1. DRA file of RNA-seq (DRA submission DRA008133) includes raw reads generated from thoracic light organ, anal light organ, pyloric caeca, intestine, and dorsal muscle of P. ransonneti and whole body of V. hilgendorfii.
